T
he Escherichia coli RecA protein has served as a model for understanding protein-mediated genetic recombination (1, 2) . RecA plays an important role in DNA repair, and studies of RecA continue to provide insight into how repair, replication, and recombination functions are intimately linked. RecA homologs, such as RadA, UvsX, Dmc1, and Rad51, have now been identified in many organisms. Evidence in support of a key role of Rad51 in recombination, repair (3, 4) and cancer (5) in humans has emerged over the past several years. Although RecA is not an essential gene in E. coli, it has been shown that RAD51 knockouts are lethal in both chicken and mammalian cell lines (6) (7) (8) . Chromosome fragmentation occurs after RAD51 inactivation in chicken DT40 cells, showing that RAD51 is required for the repair of stalled or broken replication forks in proliferating cells (8) .
Alignments of the RecA and Rad51 protein sequences (9, 10) have shown that, outside of the homologous core (containing the nucleotide binding site), RecA has a C-terminal extension that is absent in Rad51 and that the Rad51 proteins have an N-terminal extension that is absent in RecA. The Saccharomyces cerevisiae Rad51 (ScRad51) N-terminal extension is even longer than that found in the human protein (hRad51). The homologous core structure has also been found in the F1-ATPase (11) and in several helicases (12) (13) (14) (15) , suggesting that all of these proteins have diverged from a common ancestor. Although there is no apparent homology between the N-terminal domain of Rad51 and the C-terminal domain of RecA, it has been reported that the C-terminal domain of RecA binds double-stranded DNA (dsDNA) (16, 17) and that the N-terminal domain of hRad51 binds both single-stranded DNA (ssDNA) and dsDNA (18) .
The active state of RecA appears to be a nucleoprotein filament formed on DNA (19, 20) . The T4 UvsX protein (21) , the ScRad51 protein (22) , and the hRad51 protein (23) induce the same unusual conformation in DNA as that induced by the RecA protein: Ϸ5.1 Å rise per base pair (from 3.4 Å in B-DNA) and Ϸ18.6 bp per turn (from 10.5 in B-DNA). This extended filament is found with RecA bound to either ssDNA or dsDNA. In contrast, the extended filaments have been seen only with hRad51 filaments formed on dsDNA, whereas filaments formed on ssDNA were relatively compressed (23) . We show in this paper that, under the appropriate conditions, extended hRad51 filaments can also be seen on ssDNA. Thus, RecA, UvsX, and Rad51, although they have relatively weak overall sequence similarity, change the pitch of DNA from Ϸ36 Å to Ϸ95 Å. It has been suggested that this unusual DNA conformation has been the basis for the conservation of these nucleoprotein filaments from bacteria to humans (22) .
We have used a new approach to image analysis for looking at the filaments formed by RecA and Rad51. This approach has not only provided us with more detail, but has allowed us to visualize multiple conformational states of these filaments. We have been able to interpret the differences between these conformational states in terms of the domain structure of these proteins. examined in a JEOL 1200 EXII electron microscope at an accelerating voltage of 80 keV and a nominal magnification of ϫ30,000. Negatives were densitometered with a Leaf 45 (Southborough, MA) scanner, using a raster of 4 Å͞pixel.
N-Terminal Domain of Rad51.
Electron microscopy has been a powerful tool for visualizing the filaments formed by these recombination proteins. However, transmission electron microscopic images suffer from a poor signal-to-noise ratio and are very difficult to interpret because they result from projections of a three-dimensional structure onto two dimensions. Computational techniques have been essential in averaging images to generate reliable detail, as well as in reconstructing filaments in three dimensions. We have applied a new method of threedimensional reconstruction of helical polymers (27) to images of filaments formed by the human and yeast Rad51 proteins and RecA on DNA. The method is based on an iterative real-space refinement of the helical geometry determined from large numbers of relatively short segments of these filaments. This method is capable of determining the average helical parameters to a very high degree of precision, as well as separating filament segments based on differences in pitch, twist, or subunit structure. Fig. 1 shows images of two different states of hRad51 filaments formed on ssDNA. The average pitch of these filaments is 99 Å when they are formed with ADP-AlF 4 Ϫ (Fig. 1a) , but the average pitch is only 76 Å when these filaments are formed with ATP-␥-S (Fig. 1b) . Both ADP-AlF 4 Ϫ and ATP-␥-S are being used in this case as analogs for ATP, but it can clearly be seen that the filament structure depends on which analog is being used. Numerous studies have shown that aluminum fluoride can serve as a very good non-hydrolyzable analog for ATP (28) , whereas it has been shown that ATP-␥-S is slowly hydrolyzed by proteins such as RecA (29) (30) (31) . The smaller pitch filaments, resembling the ''collapsed'' state of the RecA filament formed in the absence of ATP (25) , have previously been seen with hRad51 protein on ssDNA when ATP-␥-S was used as a cofactor (23) . Applying the new method for reconstruction (27) , the three dimensional information has been recovered, and surfaces are shown for the extended and collapsed hRad51-ssDNA filaments in Fig. 1 c and d , respectively. Both reconstructions display a highly polar structure, with one side of the deep helical groove having a relatively smooth surface, whereas the other side contains pendulous lobes of the protein. To help answer the question of what changes between these two structures as the nucleotide cofactor is varied, we have superimposed the two reconstructions in Fig. 1e . It can be seen that the main difference is a rotation of these pendulous lobes. The smooth helical backbone appears relatively unchanged. Whereas ATP-␥-S, even though is is slowly hydrolyzed, has been shown in many structural and biochemical studies with the RecA protein to be a good analog for ATP (32, 33) , our observations indicate that ATP-␥-S and ATP induce two different filamentous states of the hRad51 protein on ssDNA. This finding is consistent with biochemical observations suggesting that ATP-␥-S and ATP behave differently with respect to the Rad51 and RecA proteins. For example, ATP-␥-S induces RecA protein's high affinity state for binding DNA, whereas ATP-␥-S does not induce this transition in Rad51 (34, 35) . One possibility is that ATP-␥-S is not even being bound by hRad51 under the conditions that we use. We can dismiss this possibility, because we do not observe long filaments on ssDNA in the absence of nucleotide cofactor. Another possibility is that the ATP-␥-S is being rapidly hydrolyzed by hRad51 to ADP. This possibility appears unlikely, because the overall rate of ATP hydrolysis by hRad51 is significantly lower than RecA's rate. The most likely possibility is therefore that ATP-␥-S binds, but does not induce, the ATP state. In fact, the filaments formed by hRad51 on ssDNA in the presence of ADP (data not shown) are very similar to those formed in the presence of ATP-␥-S, consistent with the last possibility.
To compare the hRad51 filaments with the ScRad51 and RecA filaments, we have applied the same method of image analysis to these other proteins. The averaged reconstructions for hRad51 (Fig. 2a) and ScRad51 (Fig. 2b ) may be compared with a reconstruction of E. coli RecA (Fig. 2c) . What is immediately apparent is that the lobes of hRad51 protrude into the deep helical groove of the filament in a manner similar to that of the C-terminal lobes of the RecA filament (22, 25, (36) (37) (38) . The ScRad51 filament, on the other hand, contains larger, less prominent lobes, but displays the same polar structure: a smooth backbone on one surface, with a modulation of the density because of subunits on the opposing surface. Because the C-terminal extension of RecA that is responsible for the lobes in the RecA filament is absent in hRad51 and ScRad51, we have attempted to see whether they could be explained by the N-terminal extensions present in hRad51 and ScRad51 that are absent in RecA.
The N-terminal portion of hRad51 is known to be an independently folding domain (18) , and sequence alignments suggest that this N-terminal extension should be the main difference in the comparison with the RecA core. These findings imply that the pendulous lobes in the hRad51 filament are due to the N-terminal domain. Further support for this interpretation comes from the ability to place the hRad51 N-terminal domain, solved by NMR spectroscopy (18) , into the pendulous lobes of the hRad51 reconstruction (Fig. 3) . It can be seen that the fit is excellent, and that the lobes in the hRad51 filament are of a size expected for this domain. Unfortunately, at the available resolution, the asymmetry in the domain is small enough that there is not a unique orientation of the domain in the electron microscopy reconstruction. Despite the ambiguity about rotation, all of the best fits place the domain into the reconstruction so that the residues (nos. 61-69) identified as involved in binding DNA (18) are oriented at the bottom of the lobe.
We expect that the N-terminal domain in the ScRad51 should be even larger than the corresponding domain in the hRad51, because of the longer N-terminal extension present in ScRad51. It was previously suggested that this entire domain was not visualized in a helical reconstruction, because of disorder (22) . Our assignment of the N-terminal domain in hRad51 leads to a slightly different interpretation. Within the ScRad51 reconstruction, large lobes can also be seen pointing into the helical groove (Fig. 2b ), but these are rounder and less prominent than the lobes in the hRad51 filament (Fig. 2a) . A superimposition of the ScRad51 surface upon the RecA core (data not shown) suggests that these larger lobes are due to the N-terminal overhang in ScRad51. Nevertheless, it is likely that part of this N-terminal domain in ScRad51 is disordered and not fully visualized.
C-Terminal Domain of RecA. The new insight into the N-terminal lobes of Rad51 filaments provides motivation for a more detailed examination of the C-terminal lobes of the RecA filament. We find that the position of these lobes can be quite variable. Image analysis of RecA filaments using the single particle approach (27) has led to the surprising finding that two discrete states of the filament can be found on dsDNA in the presence of ATP-␥-S (Fig. 4) . One state (Fig. 4b) is very similar in appearance to the conformation of ''inactive'' RecA crystal self-polymers in the absence of DNA and ATP (ref. 37 ; Fig. 4a ), whereas the second state (Fig. 4 c and d) is in the conformation previously described as ''active'' (25) . Because these filaments were formed with the slowly hydrolyzable ATP analog ATP-␥-S (29, 30) , the simplest explanation is that the segments in the inactive conformation result from the hydrolysis of the bound nucleotide. This interpretation is consistent with the fact that, on the time scale of the incubations used (Ϸ15 min), a significant fraction (Ϸ15%) of RecA subunits may have hydrolyzed ATP-␥-S to ADP, given the observed k cat for this reaction of 0.01 min Ϫ1 (29, 30) . This possibility is discussed more fully below.
Numerous reports have described the difference in helical pitch between the inactive (Ϸ65-85 Å) and active (Ϸ95 Å) forms of the RecA protein (25, (39) (40) (41) (42) (43) (44) , but single particle analysis has revealed that there is considerable overlap in pitch between these two states. For example, a large subset of filaments in the active conformation can be found with an average pitch of 84 Å (Fig. 4c) , and a correspondingly large subset of inactive filaments may be found with a pitch larger than this (data not shown). Thus, pitch may not be the main determinant of activity, as has been previously suggested (41, 45) .
A comparison between the RecA crystal structure and the inactive RecA conformation found on dsDNA with ATP-␥-S (Fig. 4e) shows that the subunits in the crystal are shifted to a slightly larger radius. Whereas the backbone of the two structures (containing the conserved nucleotide-binding core) can be aligned fairly well, it is clear that there is a large rotation (Ϸ10°) between the two of the C-terminal lobes (red double arrow, Fig.  4e) . A comparison between the inactive RecA-dsDNA-ATP-␥-S filament and the active filament prepared under the same Surfaces of reconstructions of filaments formed by hRad51 (a), ScRad51 (b), and E. coli RecA (c) on DNA. The hRad51 filaments were formed on ssDNA in the presence of ADP and AlF 4 Ϫ , and 7,620 filament segments were used to generate the reconstruction. The ScRad51 filaments were formed on dsDNA in the presence of ATP-␥-S, and 10,757 segments were used. The RecA filaments were formed on dsDNA with ATP-␥-S, and 8,635 segments were used. The helical parameters that were determined from the real-space refinement (27) for the hRad51 were a pitch of 99 Å and 6.39 subunits͞turn. The parameters for the ScRad51 were a pitch of 94 Å with 6.28 subunits per turn, and the parameters for RecA were a pitch of 91 Å with 6.16 subunits͞turn. conditions shows that the main difference here (arrow, Fig. 4f ) is also due to a shift in the C-terminal lobe. These comparisons show that the C-terminal domain of RecA can exist in different conformational states, and that the main transition within RecA associated with activation appears to be a large shift in the C-terminal domain. A further comparison can be made (Fig. 5) between the RecA filaments that we have reconstructed and an in situ crystal of RecA and DNA that has been observed to form after SOS induction in E. coli (46) . It was shown that the axially projected density in this in situ crystal was very similar to that in the in vitro crystal of RecA protein alone, with the major difference being that, in the in vitro crystal, there is no density along the filament axis (arrow, Fig. 5a ), whereas a large peak of density was found at the corresponding location within the in situ crystal (Fig. 5b) . It was suggested that this difference would be due to the presence of DNA and the DNA-binding loops of the protein, both of which are missing in the in vitro crystal structure (46) . We can directly compare model crystals formed from the two different states of the RecA filament on dsDNA that we observe (Fig. 4) with the crystal formed in situ. In Fig. 5 c and e, we show axial projections of such model crystals generated from the inactive and active filament conformations, respectively. Lower resolution filtered images of these projections are shown in Fig. 5 d and f, and it can be seen that a crystal formed from the inactive conformation of the RecA filament (Fig. 6d) provides a very good match to what has actually been observed in situ (Fig. 5b) , whereas the crystal made from the active conformation of the filament (Fig. 5f ) provides a poor match at even very low resolution. This comparison shows that the filaments found in the in situ crystal can be matched quite well by RecA filaments formed in vitro on dsDNA that are in an ''ADP-like'' state, and that the RecA filaments visualized in situ have a C-terminal domain that is in a different conformation from that seen in vitro for RecA-ATP filaments.
Discussion
We now know that the nucleotide-binding core, first observed in the RecA protein (37) , also exists in the F1-ATPase (11) and helicases (47) . The conservation of structure from RecA to the F1-ATPase is so strong that Ϸ120 ␣-carbons of one may be superimposed upon the other with less than 2.0 Å rms deviation (11) . Using sequence analysis, it has been estimated that 134 genes in S. cerevisiae (Ϸ2% of the total number of genes) encode helicases (48) , showing that a significant fraction of all proteins in the cell may have had the same origin as RecA and share a common nucleotide-binding core. When RecA is compared with its eukaryotic homologs, such as Rad51 (9) and Dmc1 (49), it is only this nucleotide-binding core that is conserved at the sequence level.
Structural studies of helicases have shown that domains other than the RecA-like nucleotide-binding core are not conserved at all. For example, the N-terminal domain of the E. coli DnaB helicase (50) has no structural similarity to the N-terminal domain of the E. coli rho transcription termination helicase (51, 52) , and neither of these has homology to any of the domains of the mammalian F1-ATPase (11), Bacillus stearothermophilus PcrA (12) or E. coli Rep (13) . The same is true for the domains associated with the helicase core in UvrB (53) (54) (55) (56) . Further, these associated domains may be highly mobile with respect to this nucleotide-binding core. In the Rep helicase, an associated domain has been observed to rotate by Ϸ130°between two forms of the subunit (13) . It has also been postulated that the Nterminal domain of DnaB undergoes a large rotation (50) to explain the dimerization of subunits that can be observed within the DnaB hexamer (57, 58) . We suggest that the domains associated with the nucleotide-binding core in the RecA-like filaments may have a similar diversity of origin and a similar mobility.
Remarkably, both the C-terminal domain of RecA (16, 17) and the N-terminal domain of Rad51 (18) have been shown to bind DNA. As with the helicases, these domains associated with the nucleotide-binding core have no structural homology (18, 37) . This lack of homology would be the result of convergent evolution of these unrelated domains. An additional similarity with helicases is that the main conformational plasticity in these filaments appears to be due to large rotations of these associated domains. The data presented here suggest that the N-terminal lobe of Rad51 and the C-terminal lobe of RecA are mobile. We have shown in this paper that the N-terminal lobe of hRad51 undergoes a large rotation between an extended ATP state on ssDNA and a compressed state of the filament formed by hRad51 on ssDNA in the presence of ATP-␥-S. We have also been able to show that the main conformational change associ- (c and d) . Whereas the inactive filament, in general, has a shorter pitch than the active filament, the pitch of the two states can overlap substantially. The filament in b (averaged from 3,014 segments) has a pitch of 82 Å with 6.09 subunits͞turn. The reconstruction of the active RecA filament in Fig. 1c (from 8,635 segments) had a pitch of 91 Å with 6.16 subunits͞turn. However, smaller averages can be obtained of filaments in this state with very different values for the pitch. The filament in c (averaged from 1,294 segments) has a pitch of 84 Å with 5.97 subunits͞turn, whereas the filament in d (averaged from 1,551 segments) has a pitch of 97 Å with 6.20 subunits͞turn. When the inactive filament in b is displayed as a glass surface and superimposed on the RecA crystal structure (e), it can be seen that there is a large rotation (Ϸ10°-15°) of the C-terminal lobe between the two (red double arrow). A comparison ( f) of the inactive 82 Å pitch filament (b), shown as a glass surface, and the active 84 Å pitch filament (c), displayed in blue, shows that the main difference is due to a large shift in the C-terminal domain (arrow).
ated with the transition from the active to the inactive filament in RecA appears to be a large movement of this C-terminal domain.
Previously, we had shown that removal of 18 C-terminal residues from RecA leads to a significant conformational change within the filament (24) , suggesting that there are large allosteric effects within RecA associated with the most C-terminal residues. Other evidence for this effect comes from biochemistry and genetics. It has been shown that deletion of Ϸ20 C-terminal residues from the C terminus of the Proteus mirabilis RecA protein enhanced in vitro binding to dsDNA, but left binding to ssDNA unchanged (59) . Removal of Ϸ45 residues from the E. coli protein had a similar effect (60) . However, it was shown that a RecA protein missing 25 C-terminal residues had enhanced binding to both dsDNA and ssDNA (61) . It is difficult to imagine a gain of function (binding to dsDNA) induced by the loss of these C-terminal residues unless the truncated protein is in a conformation that no longer inhibits nucleation on dsDNA. This inhibition exists under normal conditions for the wild-type protein, and it was directly observed that the RecA protein missing 25 C-terminal residues nucleated much more readily on dsDNA than the wild type (61) . Activation of RecA in the cell proceeds from the binding of RecA to ssDNA (62, 63) , and thus the binding to dsDNA is normally suppressed. That is why the expression of a C-terminal truncated or mutated protein in the cell can lead to constitutive expression of the SOS response (64, 65) .
An alternate explanation to allosteric effects is that the C-terminal region of RecA is part of an interfilament contact region that stabilizes an inactive, storage form of RecA in the cell (37) . Disruption of this region through mutations or truncation might destabilize this storage form and make the polymerization more favorable. There are several observations that argue against this explanation. The length of a RecA filament will be related to the relative rates of nucleation versus polymerization. When nucleation is suppressed relative to polymerization, there will be a few long filaments, whereas there will be many short filaments when nucleation is comparable in rate to polymerization. The fact that a C-terminal truncated RecA was directly observed to nucleate more readily on dsDNA than the wild-type protein and form many short filaments (61) suggests that the rate-limiting step being affected is the nucleation event itself, and not destabilization of a storage form. For the interfilament contact region argument to apply, one would need to show that the inactive RecA in vitro is contained in such a crystalline array, and this situation has not been found under normal conditions. In fact, a crystalline arrangement of RecA filaments has been observed in cells, but this observation is after SOS induction, and not before it occurs (46) . Remarkably, the packing of filaments in these large crystals appears to be extremely similar to the packing of pure RecA protein in crystals, with the difference being that DNA is present within the crystals and appears to be located near the filament axis. We would expect that this is dsDNA, because the amount of ssDNA present in the cell is very small. This finding leads to a seeming paradox, because wild-type RecA can bind to ssDNA in either the inactive or active state (with respect to ATP hydrolysis), but can bind to dsDNA only in the active state (25, (66) (67) (68) (69) . It is therefore difficult to imagine how and why the cell would massively bundle dsDNA in a crystal that is actively hydrolyzing ATP. Resolution of this paradox comes both from previous in vitro kinetic data as well as our own electron microscopy observations presented here.
It has been noted that ATP hydrolysis within a RecA filament may not be directly coupled to dissociation of subunits from the filament, and that neighboring subunits may stabilize subunits within the filament in an ADP-state (2, (70) (71) (72) . Some of the earliest kinetic data suggested that such changes of state within a filament must be cooperative (73) . We have previously observed that structural changes associated with such hydrolysis occur with a high degree of cooperativity within RecA filaments (29) . These observations would explain why we can now find segments of filaments, in the presence of the slowly hydrolyzable ATP analog ATP-␥-S, that can be found in one state or the other. In the absence of cooperativity, isolated subunits within a filament would switch states, with a random distribution of such subunits in any filament. The segments of RecA filaments that we observe in different states are consistent with the ''active cluster hypothesis'' that was originally advanced to account for the cooperativity of the RecA ATPase (74) . We can now explain why RecA will not form filaments on dsDNA in the presence of ADP, but why segments of filaments can be trapped in an ADP-like state when such filaments are initially formed on dsDNA with ATP-␥-S. Thus, the in vivo crystals of RecA and DNA (46) , which have the same packing as the in vitro crystal of 46; b) . The arrow in a indicates the lack of any density (black) near the filament axis in the RecA crystal. The two different states of the RecA filament described in this paper have very different axial projections. Pseudocrystalline lattices of these filaments are shown in c for the ADP-state and e for the ATP-state. The lattices are not exactly crystalline, because the filaments do not have 6.0 subunits͞turn, but have 6.09 subunits͞turn (c) and 6.20 subunits͞turn (e). Low-pass filtered images of c and e are shown in d and f, respectively. It can be seen that the lattice generated from the ADP-dsDNA-RecA filaments provides a very good match to the in situ crystal (b), but the ATP-dsDNAfilament lattice ( f) would be easily distinguishable, even at very low resolution. Further, the density because of the DNA and the putative DNA-binding loops is most likely responsible for the large difference in axial density between the RecA crystal (a) and the RecA-dsDNA filaments (c and d). RecA alone (37) , likely represent the same inactive conformation of RecA that we can see in filament segments after the hydrolysis of ATP-␥-S. The role of such structures may be to protect the DNA (46) . In summary, electron microscopy and image analysis suggest that the N-terminal domain of the Rad51 proteins forms a lobe protruding into the helical groove of these filaments that is very similar to the lobe formed by the C-terminal domain of RecA. Previous observations show that both of these domains bind DNA, indicating that their roles in the RecA and Rad51 filaments may be due to convergent evolution because they have no homology in either sequence or structure. We can directly visualize that these lobes exist in different conformations in both Rad51 and RecA, and the conformation of these lobes depends on the nucleotide cofactor. Most importantly, the change in activity of both RecA and Rad51 appears to be correlated with the conformation of these lobes, and these domains may play a large regulatory role.
